Introductdou 8 ,
,. JJ, During the last fbw:years, a considerable progress has been made in the analysis of plasma interactions with non-planar surfaces in a tilted magnetic field [l-6] . The nonplanarity may range from a smooth waviness [l, 3, 6] , with the wavelengths exceeding the ion gyroradius by many 'orders 'of magnitude, to a small-scale "roughness", e with sharp surface features having the size'from a few ion gyroradii to less than electron gyroradius [2, . ' When the magnetic field mtersects the "averaged" surface at a shallow angle, . .,.._.-a<< 1, effmts of non-planarity bfkome particularly important because of a very pronounced I\ "shadowing" effect comes up, making a part of the space near the surface inaccessible for one or both spieces of the incoming plasma flow. The objects where such phenomena may occur range from divertor 'plates of fusion devices [4, 51 to surfaces ,of large spacecraft at low Earth orbits 171.
In this paper we concentrate on the issues related to problems of rough surfaces, with the structures of the type shown in Fig. 1 , in the parameter domain typical for the divertors of fusion devices. A general methodology for evaluating the geometrically accessible region for various relationships between the characteristic height, h, of the surface structures, and the particle gyroradii (pi and p,) has been developed in Refs.. 45.
For a magnetic field of 3T, and a deuterium plasma with a temperature of T,-Ti=T40 eV, one has pi 400 pm, and p, -8 pm. Surface. structures with the heights in this domain are quite typical for the divertor plates (see Refs.&11).
In a broad range of heights one can meet the situation where a fraction of the surface geometrically accessible for the plasma electrons is much less than that geometrically accessible for the ions. By "geometrical accessibility" we mean constraints imposed by the equations of motions of single particles in a tilted magnetic field, without any account for possible ambipolarity constraints. Typically for the height h of the surface bumps less than the ion gyroradius, Pe ck Pi (1) ;; , : '. I ' / '. . the electrons (which are more tightly bound to the magnetic field lines than the ions) penetrate much less deep into the shadows behind the peaks of the surface structures. The ions, which under condition (1) are essentially unmagnetized (see, however, Sec. 2 for some caveats), could penetrate much deeper into the shadows. However, as the plasma quasineutmlity must be maintained, the ambipolar potential is formed near the surface of the zone accessible for the electrons, and this potential repels the ions from the area inaccessible to dectrons (Fig. 2) . This, in turn; leads to formation of the complex potential structure both in the vicinity of the surface and in the bulk plasma. This also affects the heat load distribution and sputtering patterns of the rough surface. The zones inaccessible for plasma electrons will be gradually filled by a cold neutralizing plasma thus making these zones again accessible to the plasma ions. Then, the fraction of the surface "wetted" by the plasma ions would become much greater than that wetted by the plasma electrons. The latter circumstance is important in evaluating the sputtering yield, the temperature distribution over the surface, and other phenomena oc+-ring near the surface.
The question about the evolution of the surface "topography" under the action of the plasma flux does not have a universal answer and is not a subject of our paper. The problem we address is a plasma physics problem: given some structure is present, what are the consequences in terms of the plasma properties in the vicinity of the surface? By solving this part of the problem (in particular, by finding the fraction of the "wetted' surface), we provide the tools for studies of the processes occurring on. a 1ongLtime scale, such as the surface'erosion.
The fact thatdivertor plate surfaces are generally rough, is well established. In some cases the roughness may be a mere reflection of the "grainy" structure of a plate material (some brands of graphite are an example). In other cases the source ,of, roughness is a thermomechani~ damage, by short impulsive heat loads during disruptions, when the surface gets covered with ripples and droplets (for metallic plates), which solidify and then last for weeks under thenormal operationseenario.
It is worth mentioning that it is not clear at all that the concentration of the heat flux near the tops of the bumps shouid necessarily lead to a smoothing of the surface (although, in some cases, espeqially in the case of refractory metals damaged by pulsed heat loads this scenario is possible). In fact, there are many other processes that play important role in I establishing a steady state surface relief: i) crack formation at the depth of a few grain size under the action of a cyclic heat load, with subsequent flaking; ii) cracking and. blistering under the action of the absorbed neutral hydrogen; iii) blistering and flaking under the action of the neutron flux in the fusion reactor conditions; iv) damage from disruption events. The enhanced sputtering of the tops of the bumps is just one more factor that affects the evolution of the surface relief.
The structure of this paper is as follows: In Sec.2 (based on Ref.
[ 121) we describe particle trajectories over a flat surface in a tilted magnetic field. We demonstrate that either all the particles or a significant fraction of them approach the Debye sheath at a shallow angle N ~9'~. This sets the stage for the interaction of particles with small-scale surface perturbations. In Sec. 3, we provide simple scaling equations allowing one to evaluate geometrically-accessible fraction of the surface for electrons and ions. In Sec. 4 we discuss new features arising from the quasineutrality constraint. In particular, we find that, in some regimes, -50% of the ions get reflected from the potential structures back into the plasma (even if the wall is made of the material perfectly absorbing ions). This affects both the hydrodynamic boundary condition and the sheath curmnt-voltage characterisitics. In Sec. 5, we discuss various processes leading to a formation of neutralizing plasma and thereby restoring the geometrical accessibility. The time scale for the neutrali&on process can sometimes be as long as lo4 s (the time comparable with the ion transit time over the connection length). Therefore, a new time-scale emerges in the problem of interaction of plasma perturbations with the wall (Sec. 6). In Sec. 7, we consider effect of the surface roughness on the secondary electron emission. Sec. 8 summarizes our results.
Throughout this paper we assume that the Debye radius is smaller than the electron gyroriidius, PD <Pe (3-b Tllc; .GEXZ wbere_it is greater than pe (but s&14 much' less than 'pi) can @q considered in a similar fashion. I
2. Particle trajectories in a tilted magnetic field.
Let us for a while neglect the presence of an ambipolar electric field outside.-the Debye sheath. Then the charged particles approaching the wall experience a simple spiral motion around the magnetic field lines whichintersect the surface at a shallow angle. In this case, the ion approaching the wall along a strongly tilted magnetic field, when making one full gyrocircle, moves closer to the wall by only a small distance -api. The Electric field present in the ion sub-sheath may also cause some changes of the overall picture in the case of non-uniformities which are smaller than the ion gyro-radius. As was shown in Ref. [12] , some ions (predominantly those with a small energy) may be accelerated to the walls from the middle of the ion sub-sheath, and approach the wall at an "I 'r angle -1. They will be wetting the surface almost uniformly. However, as was shown in : [I2], the majority of the thermal ions will still approach the wall in the same qualitative way as at no electric field at all. One can describe them by Eq. (3). In this section we assume that the cold neutralizing plasma has already be formed in the "shadows", so that one can use a purely "geometrical" approach.
Ion absorption
We first consider the case of very small h's, when the magnetic field doesn't directly affect the ion trajectories at a distance -h from the wall. Even in this case, however, the presence of the magnetic field is important in that it causes the ions to approach the wall at a very shallow angle &D (see Sec. 2). To be able to apply our results for some other situations (see below) we consider a stream of ions with a density n moving with a velocity v along stmight trajectories forming some small angle #I (not necessarily p&') with the plane. The problem is: how far below the level of the mountain tops will the ions penetrate? This is a problem similar to the problem of a mountain range during sunrise: what fraction of the mountain land is illuminated? Let us denote by Ah the corresponding distance from the mountain tops (here and below we mean by Ah a characteristic, statistically averaged quantity). The surface area of the illuminated mountain top is -Ah2. Each mountain top collects nvAh2 ions per unit time. As the number of the mountain tops per unit area of the mountain land is -I/h2, the number of ions absorbed by the unit area of the plate per unit time is Y nvAh2/h2. On the other hand the number of the ions intersecting a unit surface , ,.' element parallel to the plate at some distance from. the plate is @zv. Equating the two expressions, we obtain:
As ,we have mentioned above, in the problem under consideration /3-a"? Therefore, Accordingly, the fraction .ai of the surface wetted by the ions is:
Illuminated are south-east or north-eastsides of the "mountains" (where field lines from the plasma in the sunrise analogy are assumed to intersect the east side), depending on whether the magnetic field is directed toward or away from the plate. Note, Eq. (6) remains L . . ~ ; formally valid even for infinitesimally small bumps (the constraints will be discussed in I ' ' Sec. 4). :.
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The estimate (5) is valid so long as the height Ah is smaller than the distance api by which the ion gyro-circle "descends" to the wall during one gyro-period (if Ah becomes '1 formally larger, the ion motion at the scales of interest begins to be affected by the ,magnetic field)., Therefore, the applicability condition for the estimates (5), (6) reads:
When it breaks down, the following approach [4] can be used. From the @inematics of the gyro-motion, 'it is clear that the characteristic vertical velocity of the ions I ~ ',/ ) _ '8 ' -whose gyro-centers have lowered by a distance Ah since the moment when the gyro-circle has just touched the mountain tops (Fig. 3) , is Vri(Ah /pi)'". The other two velocity components are of .the order of v rib The phase-space density of ions moving in a magnetic field is constant and, therefore, their volume density is proportional to the volume occupied in the velocity space. At distances exceeding pi+h from the wall, this volume is c v3ri, whereas in the layer of thickness Ah containing the mountain tops it is ~Ah/pJ'"V3ri-Accordingly, in the layer of thickness Ah, their density is -n(dh lpi)'"., The number of ions absorbed by one mountain top per unit time is -Ah2(Ah /pi)J'2vri, and the number of ions absorbed per unit area of the divertor plate per unit time is -(AWhj2(Ah /pi)J'2vTie On the other hand, the flux of ions approaching the divertor plate from the plasma is anvTi (per unit surface). Equating the two quantities, one finds that
The fraction of the surface wetted by the ions is: Wj2
The transition behveen the estimates (5) and (8) [and (6) and (9)] occurs at the point where inequality (7) becomes equality.
, /
Equations (8) and (9) remain valid so long as the illuminated height Ah remains smaller than pi. This is so at _ hc pikP,
i.e., even at heights exceeding the ion gyroradius (the result was derived in [4] under the stated assumption thatpi< h ). At even greater heights, when this inequality breaks down, the ion gyroeir~les become small compared with the size of the illummated mountain top, and the description of the gyro&&s as point particles moving strictly along the magnetic field becomes possible. This latter case was studied in detail in Ref. 4 . It corresponds to the case considered at the beginning of this section, but with @=a. Accordingly, the fraction of the wetted surface was found to be: &i --01 (11)
Electron absorption
At equal electron and ion temperatures, the electron gyroradii are much smaller than the ion gyroradii. Therefore, in a number of cases of practical interest the electron absorption corresponds to the regime of an infinitesimal gyrocircle defined by inequality h>pela'/2 (12) In this regime, the fraction of the surface accessible to the electrons is determined by expression (11) . In some cases, the regime defined by the inequality opposite to (12) may be realized. In such a regime the fraction of the surface accessible for electrons is determined from the estimate (9)t but with pi replaced by pe. The division of the parameter space by these inqualities is shown in Fig. 3 . Expressions for the fraction of the wetted surface arepresented in the Table I. . 4.1 Potential structure near the wall a We have been so far ignoring the I presence of the electric fields and the quasineutrality constraint. The first effect of this constraint is that the bulk plasma must be charged positively with respect to the wall, to provide equal electron and ion currents (for definiteness, we consider the situation where there is -no current to the wall). The corresponding potential is of the order of (3) (4) (5) Tle.. For ' , a considerable fraction of this potential drop occurs within the Debye sheath immediately adjacent to the wall, whereas the rest of the drop occurs in a smooth fashion at distances of the order of the ion gyroradius (see, e.g., [l] ). We will assume that inequality (13) is satisfied
The second effect of the quasineutrality constraint is that, as we see from Table 1 and Fig. 4 , in most regimes, if potentials are neglected, ions penetrate deeper beneath the mountain tops than the electrons (which are much more tightly tied to the magnetic field lines). Hence we see the second effect of the quasineutrality constraint: potentials must form to prevent ions from entering the spatial domain inaccessible for electrons in the shadows of the mountain tops. Therefore, with the quasineutmlity .constraint imposed, the area wetted by the ions will become equal to the area wetted by the electrons. When surface non-uniformities become smaller than the Debye radius, the ions entering the Debye sheath experience a strong acceleration in the normal direction to the wall and, because of this, approach the wall at an angle N 1. This restores uniform wetting of the surface by the ions and sets .the applicability limit for the estimate (6). It is interesting " ,.to,note that the plasma electrons in the case of the non-uniformities with k< pe still reach &e-wall only near the mountain tops, and the fraction of the area wetted by the electrons I .follows Eq. (6) even for the inliniksimally small cones. I
Ion reflection from the wall >c
Consider for the moment a surface that does not absorb the ions at all. As was, .I< shown in Sec. 2, at a-c-cl, a typical ion coming from .the plasma interior hits the waI1 at a i:. , I
1 sllallow angle N a"", and starts "hopping" over the surface. Such an ion experiences \a large. ' .L I , number N-l/a bounces before it returns to the plasma (Cf. 1131). The absorption of the ions occurs only near the tips of the "mountains" (Fig. 1) accessible to the electrons. ._ Obviously, a significant ion reflectivity will take place if the electron-absorbing fraction of the surface 6, is comparable to or less than l/N-a. This takes place in the domains II and III in Fig. 4 . The domain I (where formally q,-a) is of little interest because both electrons and ions in it are strongly magnetized, pi <<h, so that the ions hit the same zones at the mountain tops as the electrons, q =E,. Accordingly, no significant iotrreflection occurs in the domain 1.
The ion albedo, A, in the zones II and III is of the order of 1 but not very close to one: l-A-1. Indeed, the fraction E, in these two zones is only of the order of l/N, not much less than 1/N. In the zones IV and V, a, is greater than 1/N and, therefore, the albedo is much less than 1.
Boundary conditions for the bulk plasma
We will discuss the boundary conditions for plasma motion at a scale much greater than the spatial scale of the surface structures h, assuming that we are formulating them at large enough distance from the wall, where the presence of the fine features has already been smeared out. For the case of a significant ion albedo A, the relation between the density n of the incoming plasma and the ion flux q per unit surface element (comprising, as we have mentioned, a large number of bumps and dips) is: qq-, (14) where Cq is a-numerical factor of the order of 1 depending on the details of the distribution ~ function. Obviously, for the same particle source upstream and thereby the same particle flux to the wall, the steady-state plasma density is higher at A-e1 than for a perfectly absorbing wall (Ad). The way of using this hydrodynamic boundary condition for ' . determining the flow parameters for the given sources is discussed, e.g., in Ref. [6] . For fluxtubes of varying cross-section and for the sources distributed along the field line there may exist a sonic transition, whose presence may require a supersonic flow at the wall. For the wall with a high a&do, this is impossible and may cause the appearance of the shock \ wave at some distance from the wall. In the expression (14) we have neglected the contribution for ExB drift which in some cases may become important [ 1, 14, 151 .
Consider now the sheath current-voltage characteristics. We denote the plasma potential at a large distance from the wall as q, which is positive to maintain the plasma neutrality. Then, the normal projection of the current density can be presented as: 
5. Neutralimtioh pkocesses ,
In this section we consider the dynamics of the ionization processes which may lead to generation of a cold neutralizing plasma in the shadowed zones. The plasma ions hitting the boundary of the domain in accessible for the elections am reflected back to the plasma by the positive space-charge potential that is formed near the boundary (Fig. 2) . For a small Debye length, the thickness of the transitional layer is, roughly speaking, the electron gyro radius. The material surfaces limiting the segment of the magnetic field line between two peaks are grounded (we co n 1 std er a conducting wall). Therefore, the potential distribution along the magnetic field line in the reflecting layer (dotted line in Fig. 2 has the form shown in Fig. 2b . If electrons are formed by some process in the reflecting layer, they are trapped in this potential well. With this process continuing, the zone accessible to the ions will eventually reach the depth corresponding to the "geometrically" accessible level. Below we analyse two mechanisms that we consider most plausible neutralization mechanisms.
Classical diffusion
We are interested in the process by which electrons can penetrate into a magnetic field to the distance of the order of the ion gyro-radius or less (but greater than the electron gyro-radius). This is not quite a classical plasma diffusion, so we use this term here in a somewhat loose sense. Electrons experience scattering on the ions and, with every 90" scattering penetrate by another distance wp, into the shadowed region; they don't get absorbed by the end-surfaces (Fig. 2) because of the presence of electrostatic confinement potential. To penetrate by the distance #ai, they have to experience "(ahi /p,)" collisions with the ions (by collision we mean a 90" scattering). This requires the time For 6hrpl, and a deuterium plasma with a tempemture of T,-T,=T40 eV, density ' I~ ?l-5 1o13 &d the magnetic field of3T,' one has zLmrn? -.lOms ~ . . \
Anomalous diffusion
The relative motion of the electrons with respect to the ions in the transitional layer may cause development of the lower-hybrid instability [ 161. Initially, when the transitional layer is thin, of the order of the electron gyroradius, the relative velocity of the electrons and the ions is of the order of the electron thermal velocity, and the instability is very fast. However, as the transitional region broadens and reaches its final steady-state thickness, the instability slows down. Accordingly, the neutralization time is determined by this late stage of the instability, which we will discuss here.
For the thickness of the transitional layer N &, the relative velocity of the electrons and ions is (18) The nonlinear stage of the instability was considered in Refs. . An estimate of the effective electron scattering frequency can be presented as: .
A (19) where q is a numerical factor whose value varies significantly from one analysis to another. We take the smakt value for/r) to obtain the upper-bound estimate for the diffusion time, q~lO-~. The diffusion time is a , (20) Taking for a numericai estimate a point where Ghrpp one finds that&$?"' N lo4 l"ci. For a deuterium plasma in a magnetic field of 3 T, this is d 0.1 ms. Although the anomalous diffusion seems to be the fastest neutralization mechanism, it may in fact be suppressed because of specific conditions of the problem, in particular, a small length of the fluxtube between two conducting surfaces, and a rapid variation in the direction of the drift velocity caused by the roughness of the neutralization boundary.
Non-steady-state boundary conditions
The presence of a new time scale related to neutralization processes causes the change of the boundary conditions between the slow and fast processes. For the slow processes, with the time-scale much longer than the neutralization time-scale 5 one should use a "slow" form of the current-voltage characteristics, with the ion albedo A=@ j=j, (21) with "s"="slow." For the fast process, with the time-scale much shorter than the neutralization time, the ion albedo is finite, and .i=$ (22) with "f"="fast." To interpolate between the two situation, we suggest using the following boundary condition: I r$(j-jf)=.
-(j-j,).
If plasma parameters vary slowly, one-can neglect the right-hand-side, and recover the steady boundary condition (21) . If, on the other hand, plasma parameters are varying quickly, the left-hand-side dominates, and one recovers the boundary condition for unneutralized shadows. The same type of the boundary condition works for the particle flux:
7. Secondary electron emission.
It is well known that the secondary emission coefficient for a flat surface in a strongly tilted magnetic field may become much smaller than for a magnetic field intersecting the wall at an angle -1 (see, e.g., [21] and references therein). Consider as an example a problem where the electron gyroradius is considerably smaller than the Debye radius and one can, therefore, neglect the effects of a normal electric field in the immediate vicinity of the surface. Then, the majority of the secondary electrons emitted from the wall will return to the wall because of their gyro-motion. Only those secondary electrons whose velocity is directed almost parallel to the magnetic field will reach the bulk plasma. An estimate of the secondary emission coefficient S reads in this case:
S-al%O (25) (where Sois a mndary emission coefficient in the absence of the magnetic field, and the exact numerical fa&tor depends on the angular distribution of the secondary electrons). In the case of a very strong magnetic field, where the electrons are strictly attached to field lines, transition to a rough surface would bring S close to S,,, because the magnetic field intersects the surface of the cones at an angle -I. At weaker magnetic fields, S will tend to be smaller, because the surface wetted by relatively fast plasma eiectrons [satisfying condition (lo)] would extend to a considerable distance beneath the mountain tips; hence the cold secondary electrons, which follow the field lines, will most often hit other mountain tops on their way from the surface.
Summary
We have shown that the presence of a surface roughness may lead to a number of effects directly influencing the physics of the divertor plasma. In particular, a significant ion albedo may appear for fast-enough perturbations of the incoming plasma flow. This affects both the current-voltage characteristics and the hydrodynamic boundary conditions and should be properly taken into account in the analysis of the non-steady-state processes near the wall. A significant change of the secondary electron emission compared to the flat wall also affects the current-voltage charascteristics. On the other end of the problem is effect of the surface roughness on the distribution of the heat and particle fluxes over the surface. In a broad range of parameters, a fraction of a wetted surface becomes significantly smaller than for a flat wall, giving rise to a strong local increase of the fluxes. Fig. 1 A rough surface made of randomly distributed cones of the same height h. The arrow shows the direction of the magnetic field; in the divertor geometry, the axis x corresponds to the radial, the axis y to the poloidal, and the axis z to the toroidal directions. Fig. 2 Formation of the zone inaccessible for the plasma ions (a). Potential distribution along the dotted line before the neutralization has began (b). Fig. 3 The ion gyro-circle viewed in the direction of the magnetic field; the solid lines correspond to the instant when the lowest part of the circle is at the level of the mountain tops; the dashed lines correspond to some instant later in time, when the scraping-off of the ions begins. 
